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The objectives of this study were to determilt¢ whether the recycling of toeopherol occurs in elicited rat polymorphonuclear l ukocytes and if so, 
whether the ree),eling process is enzymic or chemical, When incubated with hemoglobin, tocopherol was oxidiz.gd in ¢¢11 homogenat~ in a time- 
and concentration.dependent ma ner. The oxidized tocopherol could be regenerated by addition of aseorbate, ~I utathione or nordihydroguaiaretic 
acid. Time course studies howed a rapid regeneration of tocopherol which peaked at 1 rain after the addition of reductants. Determination f 
the regeneration reaction in the presence of CHCI.~ and MeOH indicated that under these nzyme-denaturing conditions, a considerable amount 
of tocopherol ~vas till regenerated, suggesting that the regeneration reaction is predominantly a chemical reaction. This stud~, provided irect 
evidence from mass analysis that oxidized vitamin E can be regene,'ated bycellular water-soluble r duetants saeh as aseorbate and glutathiona. 
1. INTRODUCTION 
0:-Tocopherol is a membrane-bound antioxidant 
which functions as a major peroxyl radical scavenger 
with powerful chain-breaking properties [1,2], This 
membrane antioxidant pool operates in concert with 
antioxidant enzymes and other soluble antioxidant~ to 
maintain cellular protection against free radical-in- 
duced cellular damages, which have been implicated in 
the cause of many pathophysiologieal conditions [3-5]. 
The interaction of cellular antioxidants was proposed 
in 1961 by Tappel who postulated that oxidized vitamin 
E could be regenerated by ascorbate [6]. While it is 
difficult to conceive that this could occur in vivo due to 
distinct cellular locations of these two vitamins, a direct 
reduction of tocopheroxyl radical by ascorbate was de- 
tected in a homogenous olution in 1979 [7]. Subse- 
quently, numerous tudies consistently showed that the 
oxidantion of vitamin E can be spared by ascorbate or 
reduced glutathione (GSH) in a number of pure or bio- 
logical systems [8-23]. The protective role of GSH in 
diminishing vitamin E oxidation has led McCay to pro- 
pose a GSH-dependent reductase in hepatic micro- 
sprees which acts to recycle vitamin E [24]. 
During the course of studying how dietary vitamin E 
could influence 5-1ipoxygenase activity in rat polymor- 
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phonuclear leukocytes (PMNL), we noted that the vita- 
min E content in intact PMNL decreased ramatically 
when 5-1ipoxygenase was activated by the addition of 
ionophore and arachidonic acid [25]. In order to further 
investigate the interactions of soluble and membrane- 
bound antioxidants, the objectives of this study were to 
determine whether the recycling of tocopherol occurs in 
PMNL and if so, whether the recycling process is en- 
zymic or chemical. 
2. MATERIALS AND METHODS 
2.1. Animals attd ¢ell preparation 
Male SpraBue-Dawley rats (250-350 8) were used in all experi- 
ments. Glycogen-elicited peritoneal polymorphonaelear leucocytes 
were isolated as descrlbed previously [25], Briefly. 16-18 h after in- 
traperitoneal injection of 20 ml of 0.2% oyster glycogen in saline, the 
rat peritoneal cavity was rinsed with 40 ml of Ringer-Tyrodez' buffer 
(Ca -'+- and Mg-"-free, EDTA 2 raM; heparin. 5090 IU/litre). Cells 
from this peritoneal exudat¢ were sedimented by c~ntrifugation (750 
x g, 5 min) and the cell pellet was suspended in 3 ml of buffer, layered 
over 3 ml of Ficoll-Paque (Pharmacia), and centrifuged at 1000 x g 
for 30 rain. This procedure removed contaminatin8 lymphoeytes 
which m:.grate as a single layer mid-way up the centriruge tube, The 
"purified' PMNL pellet was taken up in 2 ml of a solution containing 
! 37 mM NH~CI in 15 mM Tris-HCl and incubated at 37"C .."or 15 rain 
to lys¢ contaminating red blood cells, The PMNL were :~¢.dimented 
again by centrifugation and resu~pended in Tyrodes' buffer. After 
determination fcell number by a hemocytometer, they were adjusted 
to 20 x 106 c¢lls/ml. Routinely. "~5 x 10 ~ cells yielded 0.5 nmol of 
tocopherol. Immediately before use. cells were ~onicated with a Mi. 
croson ultrasonic ell disruptor at 60% output volume for 20 s x 3. 
2.2. Determination f cellut~r tocopherol 
All reactions were stopped with CHCI.~ and MeOH and total lipid 
was extracted from cell homogenates bythe method of Biigh and Dyer 
[26] after the addition of 0.95 pg of tocopherol acetate as internal 
standard. Tocopherol was determined by revcr~ed-pha~¢ high pressure 
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liquid chromatography using a C-18 column with a sol'~enl system 
containing 99% methanol/l% H,O/0.1% trifiuoroacctic a id as de- 
scribed in earlier publications [25,27]. 
2.3. Materials 
All solvent~ were of reagent grades from laDH, Toronto; and all 
~,lassware was silaaized before use. Heparin, ascorbate, glutathionc, 
t3k-g-tocopherol, glycogen (type 11) and bovine hemoglobin (H-2625) 
were purchased from Sigma nd nordihydroguaiaretic ac d (NDGA) 
was from Aldrich. Desferrioxamine (Desferal) was from Ciba. 
3. RESULTS 
When PMNL homogenates were incubated with 10 
/.tM of hemoglobin, there was a rapid consumption of 
cellular toeopherol which was essentially complete 
within the first rain; extending the incubation time up 
to 12 min did not cause any further tocopherol oxida- 
tion (Fig. 1A). This hemoglobin-induced oxidation of 
PMNL tocopherol was dependent on the concentration 
of hemoglobin added. Fig. 1B shows that the amount 
of cellular tocopherol oxidized was proportionately in- 
creased in the range of hemoglobin concentration from 
2.5/.tM to 10/.tM. Therefore, all our subseqaent exper- 
iments were conducted with the addition of 10/.tM of 
hemoglobin and 1 min of oxidation time. We routinely 
terns;hated these reactions with the addition of desferri- 
oxamine in order to chelate the potential iron ions that 
may be dissociated from the hemoglobin molecule. Iron 
ions can react with trace amount of residual peroxides 
to generate peroxyl or alkoxyl radicals which could ox- 
idize the regenerated tocopherol. The mechanism by 
which hemoglobin caused the oxidation of tocopherol 
is not investigated in the present study. It is known, 
however, that superoxide anion is released when oxyhe- 
moglobin undergoes decomposition to methemoglobin. 
Conversely, the presence of trace amounts of hydrogen 
peroxide commonly found in phygocytes could react 
with methemoglobin to form a ferryl 6peeies that can 
cause hydrogen abstraction [5]. Both superoxide anion 
and the ferryl intermediate are sufficiently reactive to 
induce tocopherol oxidation. 
Recent experimental data from our laboratory and 
others [28-31] have demonstrated that in mammalian 
tissues, cellular tocopherol is first oxidized to tocopher- 
oxyl radical which can readily be reduced by physiolog- 
ically relevant soluble reductants such as vitamin C or 
reduced glutathione to regenerate tocopherol. We have 
recently documented that this recycling pathway exists 
in human platelets [28]. In order to determine whether 
this tocopherol recycling system is operative in rat 
PMNL, we conducted experiments in which PMNL ho- 
mogenates were first incubated with hemoglobin to 
cause oxidation of toeopherol. This was immediately 
followed by the addig.on of various reductants and cel- 
lular tocopherol was monitored over various time 
points. Fig. 2 illustrates this regeneration time course 
experiment in which we tested the ability of ascorbate, 
GSH and NDGA to regenerate he oxidized tocopherol. 
The addition of hemoglobin to cell homogenates caused 
a dramatic disappearance of cellular tocopherol from 
0.3 nmol to 0.04 nmol within the first minute. Following 
the addition of various reductants, the amount of toco- 
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Fig. I. Time.course and dose.dependent oxidation of tocophecol in rat PMNL. Sonicatcd ,;ells were incubated with 10/aM of hemoglobin at37°C 
for indicated t~.mes (A) or they were incubated with increasing concentrations of hemoglobin for 5 rain. Reactions were terminated with the addition 
of CHCIflMeOH in the presence ~f desfe~ioxamine (100/.tM). After total ipid extraction, tocopherol was determined byHPLC as described in 
section 2. Values are from one of three representative experiments. 
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FiB. 2, Time.course oftocopherol regeneration byvarious reductants, 
Cell homogenates were incubated with hemoglobin (10~tM) for 1 min 
alter which they were further incubated with NDGA (50/JM), vitamin 
C (2 raM) and GSH (2 raM) in the presence of desferrioxamine (100 
~tM) for indicated times, Values are from one of three representative 
experiments, 
pherol regenerated was striking. Over 95% of the oxi- 
dized tocopherol reappeared within the first rain after 
the addition of reductants. NDGA caused a sustained 
and higher toeopherol level which was maintained over 
the 10 rain of regeneration time course. In contrast, 
after the initial rapid regeneration, the addition of either 
aseorbate or GSH showed a slight decline in tocopherol 
level at 2 min. However, these levels were generally 
maintained throughout the regeneration time course 
(Fig. 2). 
The regeneration of tocopherol observed in Fig. 2 
suggests that the mechanism oftocopherol regeneration 
Table 1 
Effects of reductants on non-enzymic tocophcrol regeneration i rat 
PMNL homogenates 
geduotants Tocopherol (nmol) % of Tocopherol 
regenerated 
None 0,154 0 
NDGA (50 aM) 0,325 96 
Vitamin (2 raM) 0.257 5~ 
GSH (2 raM) 0,239 48 
Cell hornogenates (0.8 ml) containing 0.331 nmol of toeopherol were 
incubated with hemoglobin (10/JM) for 1 mir, at which time 1 ml of 
MeOH was added to terminate enzymic activities. This was followed 
by immediate addition of reductants in tl~¢ presence of desferrioxam- 
ine (I00/tM) and toeopherol regeneration was allowed to proceed for 
5 rain. % toeopherol regenerated was calculated from the amount 
regenerated over the amount oxidized. Values are means of duplicates 
from one of two representative experiments. 
may be a chemical reaction. In order to test this hypoth- 
esis, we conducted experiments in which we indneed 
toeopherol oxidation by incubating PMNL-homoge- 
hates with 10/zM of hemoglobin for 1 rain at which 
times a mixture of'chloroform and methanol was added 
to terminate any enzymic activities. This was followed 
by immediate addition of reductants in the presence of 
desferriozamine and tocopherol regeneration was al- 
lowed to process for 5 min. Table I shows that under 
this enzyme-denaturing condition, 96% of the oxidized 
tocopherol was regenerated by the addition of NDGA 
whereas only 58 and 48% were recovered by the addi- 
tion of ascorbate and GSH, respectively. These data 
support he hypothesis that tocopherol regeneration c- 
curs via a chemical reaction. However, these results do 
not preclude the existence of an enzymic pathway be- 
cause the amount of regeneration afforded by ascorbate 
and GSH in this protein-denaturing condition was 
lower than that observed in Fig. 2. 
4. DISCUSSION 
In PMNL, depletion of cellular tocopheroi occurs 
when its 5-1ipoxygenase activity is activated [25] or 
when cells come in direct contact with hemoglobin as 
shown in this study. While the activation of lipoxyge- 
nase and the release of hemoglobin through red blood 
cell hemolysis are well controlled in normal condi.tions, 
they are, however, not uncommon in certain disease 
states. Therefore, depletion of membrane reductants 
such as toeopherol islikely to occur during pathological 
conditions. Since the present study demonstrates that 
these soluble reductants can regenerate oxidized toco. 
pherol in cell membranes, cellular defense against his 
tbrm of oxidative stress is highly dependent on the pres- 
ence of other cytosolic reductants such as ascorbate and 
the thiols. - 
Ttae synergistic effect of ascorbate and tocopherol in 
retarding oxidative rancidity of dietary fats was noted 
half a century ago when Golulnbic and Mattill reported 
that aseorbate acts to reduce the rate of tocopherol 
consumption [32]. Subsequently, Willson et al. [7] and 
Niki et al. [33] demonstrated that in organic solvents, 
tocopherozyl radicals disappeared rapidly when as¢or- 
bic acid was added. These findings indicate that the 
reduction of oxidized tocopherol can occur in a chemi- 
cal system. More recently, a number of studies from 
Packer's laboratory reported the successful generation 
of tocopheroxyl radicals in rat hepatic organelles incu- 
bated with a combination of soybean lipoxygenase and 
arachidonic acid [20,29-31]. These studies not only per- 
mit a detailed analysis of the ESR decay kinetics of 
toeopheroxyl radicals, they also provide an additional 
repair mechanism for oxidized tocopherol that is closely 
linked with the mitochondrial e ectron transport and 
extended the list of soluble reductants to include the 
pyridinc nucleotide.~ [20,30]. Collectively, these findings 
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lent strong support to the view that repairing mecha- 
nisms for oxidized tocopherol do exist in vivo. 
Results from the present study clearly demonstrate 
that a recyellng pathway for oxidized vitamin E exists 
in rat PMNL which utilizes physiologic soluble reduc- 
tants such as aseorbate and GSH as electron donors. 
We also have demonstrated that this regeneration oc- 
curs predominantly via a chemical reaction since it pro- 
ceeds in enzyme-denaturing conditions. This vitamin E 
repair mechanism ma)' exist in most mammalian tissues 
in vivo. This finding illustrates the intricate dependency 
of membrane redox potential on cytosolic reductants 
and further reinforces the notion that, in estimating the 
need of vitamin E, other dietary fi~ctors uch as astor- 
bate, GSH and unsaturated fatty acids should also be 
considered. Whether a tocopheroxyl radical reduetase 
exists and the magnitude it may contribute to the overall 
regeneration of tocopherol in mammalian tissues re- 
main to be determined. 
Acknowledgements: This study wa~ supported by the Medical Re- 
search Council of Canada. We thank Khai Tran for his assistance and 
Joanne Barlow for typing this manuscript, 
REFERENCES 
[l] Burton, G.W. :rod lngold, K,U, (1981) J, Am, Chem, Soc, 103, 
6472-6477. 
[2] Burton, G.W., .loyce. A, and Ingold, K,U, 0983) Arch. Biochem. 
Biophy~. 221,281-290. 
[3] Sies, H, (1985) in: Oxidative Stress (Sies, H, ed,) pp, 107 Aca- 
demic Press, Orlando, 
[4] Fridovich, l, (1986) Arch, Biochem, Biophy~, 247, l-l l , 
[5] Halliw¢ll, B, and Gutterldge, J.M,C. (1989) in: Free Radical in 
Biolog~ and Medicine. 2nd edn,, Oxford University Press, 
[6] Tappel, A.L,, Brown, W,D., Zalkln, H. and Maier, V,P, (1961) 
J. Am. Oil Chem. So¢. 38, 5-9. 
[7] Packer, J.E,, Slater, T.F. and Willson, R.L. (1979) Nature 278, 
737-738. 
[8] Leung, H.W., Vang, M.J. and Mavis, R.D. (1981) Biochim. Bio- 
phys, Acta 664, 266-272. 
[9] Bascetat, E., Gunstone. F.D. and Walton, J.C. (1983) Chem. 
Phys. Lipids 33, 207-210. 
[10] Niki, E,, Saito, T, and Kamiya, Y. (1983) Chem. Lett. 631-632. 
[11] Barclay, L.R.C., Locke, S.J. and MacNeil, J.M. (1983) Can. J. 
Chem. 61, 1288-1290, 
[12] Niki, E., Saito, T., Kawakami, A. and Kamiya, Y. (1984) J. Biol. 
Chem, 259, 4177-4182, 
[13] Scarpa, M., Rigo, A., Maiorino, M., Ursini, F. and Gregolin, C. 
(1984) Biochim, Biophys, Acta 801,215-219. 
[14] Barclay, L.R.C., Locke, S.J, and MacNeil, J.M. (1985) Can..1. 
Chem, 63, 366-374, 
[15] Liebler, D.C.. Kling, D.S, and Reed, D.J. (1986) J, Biol. Chem. 
261, 12114-12119, 
[16] Niki, E., Tsuehya, T., Yoshikawa, Y., Yamamoto, Y. and Ka- 
miya, Y. (1986) Bull. Chem. So--. Jpn. 59, 499-501. 
[17] Niki, E. (1987) Ann. NY Acad. Sci, 498° 186-199. 
[18] Frei, B., Stoeker, R. and Ames, B.N. (1988)Proc. Natl. Aead. Sci. 
USA 85, 9748-9752. 
[19] M¢Cay, P,B,, Brueggemann, G., Lai, E.K. and Powell, S.R. 
(1989) Ann. NY Acad. Sci. 570, 32--45. 
[20] Mehlhorn, R.J,, Sumida, S. and Packer, L. (1989) J, Biol. Chem. 
264, 13448-13452. 
[21] Vatas~ery, G.T., Smith, W.E. and Quaeh, H,T. (1989) Lipids 24, 
1043-1047. 
[22] van den Berg, J.J.M., Kuypers, F.A., Ro¢lol'sen, B. and Op den 
Kamp, J.A.F. (1990) Chem, Phys. Lipids 53, 309-320. 
[23] Sato, K., Nikl, E. and Shimasaki, H. (1990) Arch. Bioehem, 
Biophys. 279, 402-405. 
[24] rvlcCay, P.B. (1985) Anna. Rev. Nutr. 5, 323-340, 
[25] Chan, A.C., Tran, K., Pyke, D.D. and Pow¢ll, W.S. (1989) Bio- 
chim. Biophys. Aeta 1005, 265-258. 
[26] Bligh, E.G. and Dyer, W.J. (1959) Can, J, l]iocl~ern. Physiol, 37, 
911-917. 
[27] Tran. K. and Chart, A.C. (1990) Biochim, Biophys. Acta 1043, 
189-197. 
[28] Chan, A.C., Tran, K., Raynor, T., Ganz, P,R. and Chow, C,K, 
(1991) J. Biol. Chem. 266, 17290-17295. 
[29] Packer, L,, Maguir¢, J.J., Mehlhorn, R,J,, Serbinova, E, and 
Kagan, V.E. (1989) Biochem. Biophys, Res. Commun. 159, 229- 
235. 
[39] Maguire, J.J., Wilson, D.S. and Packer, L. (1989) J. Biol. Chem. 
264, 21462-21465, 
[31] Kagan, V.E., Serbinova, E.A., Kovnova, G,M., Kitanova, S.A,. 
Tyurin, V,A,, Stoytehev, T.S., Quinn, P.J, and Packer, L. (1990) 
Free Rad. Biol. Med. 9, 117-126. 
[32] Golumbic, C, and Matill, H,A. (1941) J, Am, Chem. Soc. 63, 
1279-1284. 
[33] Niki, E,, Tsuehiya, J,, Tanimura, T. and Kamiya, Y. (1982) 
Chem. Soc, Jap, Chem. Lett. 789-792. 
272 
